ABSTRACf. Indices of lung maturation were assessed in 58 rhesus fetuses at five gestational ages during the last trimester of nonhuman primate pregnancy to determine whether fetal sex influences lung maturation. In addition to analysis of whole lung phospholipids, glycogen, protein, DNA, and pressure-volume curves surfactant fraction phosphatidylcholine (PC) was quantitated following isolation by sucrose gradient centrifugation and a combination of predictors were assessed by all possible subsets regression to attain a composite "maturity index." For the total population, there was a uniform progression in physical growth characteristics, lung destensibility and stability and phospholipids with advancing gestation. The quantitative change in surfactant fraction PC concentration for both sexes was considerably greater than that observed for whole lung PC between 135 days gestation and term. Further, the increase in surfactant PC occurred in association with improving lung destensibility and deflation stability prior to maximum changes in the whole lung PC or disaturated PC concentration. There were no statistically discernible differences in biochemical or physiological assessment between sexes at any gestational age. These data in nonhuman primates suggest that documented differences in survival from the respiratory distress syndrome between males and females do not result from a discordance in lung maturation as a function of time throughout the last trimester of gestation. (Pediatr Res 20: 987-991, 1986) Abbreviations RDS, respiratory distress syndrome PC, phosphatidylcholine SM, sphingomyelin lysoPC, lysophosphatidylcholine PI, phosphatidylinositol PS, phosphatidylserine PE, phosphatidylethanolamine PG, phosphatidylglycerol DSPC, disaturated PC DHT, dihydrotestosterone Despite significant technical advances in the care of premature human neonates, aggressive regionalization of perinatal health care services, and enhanced understanding of the pathobiology of newborn diseases, the RDS remains the leading cause of neonatal mortality in the United States (l). Additionally, epidemiologic surveys have noted increased morbidity and mortality from RDS in males as compared to females (2). The pathobiologic mechanisms for the greater mortality from RDS in male neonates has not been examined until recently.
of newborn diseases, the RDS remains the leading cause of neonatal mortality in the United States (l). Additionally, epidemiologic surveys have noted increased morbidity and mortality from RDS in males as compared to females (2) . The pathobiologic mechanisms for the greater mortality from RDS in male neonates has not been examined until recently.
Since insufficient amounts of pulmonary surfactant represent a primary factor contributing to clinical RDS and the attendant respiratory failure, a logical place to assess potential sex-related variation in mortality from the disease is the surfactant phospholipid biosynthetic system. Investigations involving experimental animals have provided contradictory data regarding the timecourse of fetal lung maturation in males versus females (3) (4) (5) (6) (7) (8) . Furthermore, administration of various exogenous substances including thyroid hormone, testosterone, estrogen, and corticosteroids can affect the timing of lung development. However, these agents probably do not represent the trigger mechanism for in vivo maturation. Whether documented differences in survival from RDS between males and females represent discordance in the timing of phospholipid synthesis, secretory mechanisms, or nonsurfactant protein interactions remains unclear. Moreover, if surfactant phospholipid concentrations and the progression of lung maturation in both sexes were similar other undelineated mechanisms may mediate differences in postnatal survival.
In this investigation the hypothesis tested, that there is a delay in the progression of lung development in the male fetus, is based on conventional thought derived from human epidemiologic surveys, in which the emphasis has been on fatal RDS, and on analysis of rat and rabbit fetuses after pharmacologic manipulations.
As one objective of ongoing multidisciplinary investigations, we have prospectively studied biochemical and physiologic indices of lung maturation in fetal nonhuman primates at key times in normal gestation to ascertain if discordances can be detected based on fetal gender. In this regard, the experimental approach not only allows comparison of pulmonary developmental indices between male and female fetuses grouped at discrete gestational ages, but also permits assessment of changes as a function of time throughout the last trimester of rhesus pregnancy. As part of this comprehensive approach, we have utilized a modified scheme of sucrose gradient centrifugation recently proved useful for the small scale preparation of a lung fraction enriched in the phospholipids most characteristic of pulmonary surfactant (9) .
METHODS
Fifty-eight pregnant rhesus monkeys (Macaca mulatta) with conception dates known within plus or minus one day were given intramuscular ketamine hydrochloride (10-15 mg/kg; ParkeDavis, Detroit, MI) and nitrous oxide-oxygen (4:2 liter/min) inhalation anesthesia. After placental localization, the abdomen 987 988 PERELMAN ET AL. and uterus were appropriately incised to avoid the placenta and the lower fetal body segment delivered to the umbilicus. Subsequent to sampling fetal umbilical vessel blood, the cord~as clamped and sodium heparin (2 ml, 50 V/ml) and PentobarbItal (3 ml 50 mg/ml) were rapidly infused into the fetus. Immediately there~fter the cord was cut and the fetus delivered with a small surgical glove placed over the head to prevent potential air exchange. Fetal animals were delivered at approximately 125, 135 145, 155, and 162 days gestation (term equals 165 days). A co~prehensive description of animal care and experimental procedures has been reported elsewhere (10) .
After breech delivery, the fetus was immediately transferred to a dissection table where crown-rump length and body weight were measured' after this, the abdominal aorta was incised to exsanguinate the animal. The body was then transected subdiaphragmatically, and the left diaphragm carefully opened from below. The left lung was deflected laterally with cotton swabs and the hilum clamped with a small curved forceps. The left lung was carefully removed, weighed as separate lobes, and distributed for biochemical studies, leaving the chest wall, mediastinum, and right lung intact. After tracheostomy, a plugged 3 to 4 cm segment of 5 or 8 French flexible catheter was placed endotracheally and pressure-vOlume studies were conducted in situ (11).
Extraction and comprehensive analysis of lung phospholipids were accomplished by established procedures (12) (13) (14) (15) (16) (17) as detailed in a previous publication (18) . In general, a chloroform:methanol (2: lv/v) extract was prepared and washed free of non~iJ?id contaminants by the method of Radin (12) , and phospholipIds were isolated by 2-dimensional thin-layer chromotography. An internal standard of [14C] dipalmitoyl PC was added to measure recoveries with each analysis and to assess the quality control of analytical procedures. Lipid extracts were plated on silica gel H and developed in the first direction in a solvent system of chloroform:methanol:water (65:45:5). After air drying for 10 min, the plates were rotated 90· and developed in a second solvent system of tetrahydrofuran:methylal:methanol:2 M NH 4 0H (10:6:4: I). This system permits isolation of PC, SM, Iyso PC, PI, PS, PE, and PG. The method of Bligh and Dyer (13) was used to extract lipids from the gel and phosphorous content was quantitated by the method of Ames and Dubin (14) . The osmium tetroxide method of Mason et al. (15) was utilized to obtain saturated Pc. This procedure yields a fraction that upon gas chromatography in our laboratory shows 94-99% saturated fatty acid components. The method used for isolation of surfactant from total lung is a slightly modified procedure (16) of that originally described by Frosolono et al. (17) . Aliquots of lung homogenate were utilized to measure glycogen (19) , DNA (20) , and protein content (21) . Dry to wet ratios were determined on each lung sample, and results were compared in relation to both weights. Gonadal steroids were analyzed by radioimmunoassay (22, 23) .
Data were analyzed by 2-way analysis of variance with gestational age and sex of fetus as factors; and by regression analysis versus gestational age including linear, quadratic, and cubic trend. Quadratic and cubic trends were used to characterize rate of change. Differences in trend by gender were tested if the overall sex by gestational age interaction was significant at p = 0.10. Results for lung phospholipids and glycogen were unaltered by use of alternative reference bases such as dry lung weight or DNA content.
In additional attempts to uncover potential differences in lung development between male and female fetuses, a combination of predictors were analyzed by all possible subsets regression (BMDP Program PQR) (24). The equation obtained was then applied separately to each fetus and the resultant "maturity index" analyzed.
RESULTS
Physical growth characteristics of male and female primate fetuses with advancing gestational age are illustrated in Table I . In all, 29 fetuses of each sex were investigated and the data demonstrate a uniform progression in body weight, crown-rump length, and other growth indices through the last 25% of rhesus pregnancy. There was no statistically significant difference overall in male and female growth characteristics.
Male fetuses had higher concentrations of testosterone (mean ± SEM = 1073 ± 180 versus 254 ± 35 pg/ml, p < 0.001) and dihydrotestosterone (295 = 31 versus 170 = 15 pg/ml, p < 0.00 1) than females in serum obtained from umbilical cord vessels. Total estrogens did not differ statistically between fetal sexes (204 = 25 pg/ml for females versus 161 = 18 pg/ml for males).
Absolute concentrations of selected phospholipids are presented in Table 2 and concentrations of DNA, glycogen, and protein in Table 3 . Phospholipid concentrations in whole lung homogenates rose with advancing gestational age. The rate of increase in PC and DSPC accelerated with gestational age (p = 0.001). The quantity ofPG increased toward term most substantially after 155 days of gestation. There were no statistically discernible differences in biochemical assessment between sexes at any gestational age. As gestation progressed, there was a serial decline in glycogen content (p < 0.000 I) with relatively stable proportions of sphingomyelin, DNA, and protein. Further, as depicted in Figure I , in which % V10 and VMax or pulmonary distensibility are displayed with advancing gestation there are no perceptible differences between males and females. Surfactant fraction PC and surfactant phosphilid/total phospholipid ratios (Fig. 2) , rose significantly at 145 days gestation concomitant with changes in % V IO and V Max • * Data are reported as means ± SD for (n) of fetal animals listed in Table I .
100
Gestational AQe (days) Fig. I . Physiologic assessment oflung maturation in male (solid line) and female (dOlled line) primate fetuses with advancing gestation (mean = SEM for n animals listed in Table I ). % VIO represents that portion of total lung capacity remaining during a pressure-volume study on deflation to 10 cm H20 and VMax reflects the maximum volume per g of wet lung at 30 cm H20 (18) . The mean VMax and % V IO between 125 and 135 days gestation are not statistically different, analysis of overall changes in VMax and % V10 indicate a significant increasing linear trend with time (p < 0.000 I). In general, studies to date have involved polytocous short gestation species (e.g. rats and rabbits) and not animal models with considerably longer singleton pregnancies more comparable to humans. Although the nature (i.e. progression) of pulmonary maturation may not be fundamentally different in short gestation species, the timing and rate of sequential changes in macaques more closely mimics the human developmental process (25) . Additionally, sufficient lung tissue is available from each fetal animal for multidisciplinary and comprehensive assessment. Cesarean section delivery between 125 days gestation and term was chosen since lungs from nonhuman primates before 135 days Table 4) .
Regardless of confirmed clinical evidence for gender related differences in postnatal mortality associated with neonatal respiratory disease (2), the pathogenesis of this discordance remains controversial. Results from investigations regarding prenatal aspects oflung maturation in the normal pregnancy and gestations in which the fetus has been exposed to exogenous hormones such as corticosteroids have been inconsistent. For example, it should be noted that in a nonhuman primate model of RDS, Truog et al. (5) recorded that newborn female Macaca nemistrena (delivered between 134 and 150 days gestation) had more severe clinical indices of respiratory distress, lower lung lavage fluid phospholipids, lower lavage fluid/whole lung homogenate phospholipid ratios and less surface activity of lavage fluid than their male counterparts. Although the study included 44 animals, the gestational age at delivery encompassed a wide spectrum negating statistical evaluation of animals grouped at discrete time points in pregnancy.
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Gestational Age (days) Fig. 2 . Surfactant fraction PC and surfactant PC/total PC ratio (mean + SEM) in male (solid line) and female (dotted line) primate fetuses with advancing gestation. study had higher levels of both testosterone and DHT than females, while fetal estrogen values did not differ between genders.
Additionally, others (6, 7) have been unable to detect differences in the biosynthesis of lung phospholipids between male and female fetuses which raises the possibility that the sex-related disparity in RDS incidence and mortality may be accounted for by as yet undelineated differences in intracellular transport or secretion of surfactant.
In addition to the standard biochemical approach used to quantitate phospholipids in whole lung tissue, we have assessed surfactant fraction PC concentration which has been implicated as a sensitive and specific indicator of fetal maturation (9) . Indeed, the quantitative change in surfactant fraction PC concentration for both sexes was considerably greater than that observed for whole lung PC between 135 days gestation and term (5.7-versus 2.3-fold). Further, the increase in surfactant PC occurred in association with improving lung distensibility and deflation stability prior to maximal changes in whole lung DSPC or PC concentrations.
Applying these techniques in this investigation of 58 rhesus monkeys, we have been unable to demonstrate a discordance in fetal lung development between males and females during the last trimester of rhesus gestation by analysis oflung biochemistry, surfactant fraction phospholipids, and physiologic indices of functional integrity" The data reveal a parallel and equivalent progression in pulmonary maturation without evidence of significant gender-related differences at any of the five gestational ages assessed. To our knowledge, these are the most extensive data accumulated to date in the nonhuman primate. However, it is possible that differences in fetal lung maturation exist which are too small to be detected within the current sample. To avoid a type II error, the data therefore remain suggestive rather than confirmatory. Where slight differences in the means for selected measured variables exist (i.e. DSPC/PC ratio at 145 days gestation), projections of the number of animals required to reach statistical significance at a minimum acceptable power of 80% would require at least tripling the sample size at multiple gestational ages. To improve the sensitivity of the study, an attempt was made to combine several variables by subset regression analysis into a "maturity index" which improved the power of the observations without effect on determination of genderrelated differences.
Based on in vitro experiments utilizing fetal rat lung cell cultures, Torday (4) has suggested that there are sex differences in both cortisol metabolism and fibroblast pneumonocyte factor production by the fetal lung fibroblast which may mediate gender-related differences in pulmonary surfactant biosynthesis. While these data emphasize the importance oflung mesenchyme and epithelium interaction during pulmonary development, the uniformity of our results do not support a differential effect between sexes. The process of lung differentiation and maturation is complex and is influenced in vivo by multiple interactive mechanisms. A variety of hypotheses could conceivably account for the observed differences in postnatal RDS incidence and mortality between males and females (2) . Differences in lung structures between male and female fetuses during a narrow portion of gestation (34) may alter the interaction with nonsurfactant protein compounds (35, 36) or hormones (37, 38) with respect to the recovery process and survival from RDS. are clearly immature by all criteria and absolute concentrations of phospholipids are quite uniform (26) (27) (28) . Also, the latter gestational age range corresponds to the late cannicular and sacular phase of lung development when gender related differences in human neonates are readily detectable (2) . In a recent investigation, Nielsen et al. (8) administered DHT to pregnant rabbits and observed a dose-related blunting of the sex-associated difference in indices of fetal surfactant production when compared to controls. The latter findings resulted from a lowering of disaturated PC/sphingomyelin ratios in lung lavage fluid from female fetuses to the male level. When the antiandrogen flutamide was substituted for DHT and the experiments repeated, the gender related differences in lung lavage disaturated PC/sphingomyelin ratio was equalized by elevation of the male ratio to that of females. Giannopoulos and Smith (29) , after assessment of androgen receptors in fetal rabbit lungs, hypothesized that the male disadvantage regarding fetal lung development does not appear to be related to a difference in the concentration of pulmonary androgen receptors but rather may be due in part to increased levels of circulating androgens. There is a marked sex difference in fetal rhesus testosterone levels from day 40 of gestation until term; however, the differences are maximal before day 100 (30) (31) (32) (33) . Consequently, if endogenous androgens affect the progression of fetal lung surfactant biosynthesis, a differential effect between males and females should have been detected at the gestational ages assessed in the current study. This was not the case despite the fact that male fetuses in the present 
